ABSTRACT: Controversy exists as to whether the parenterally (PN) fed human neonate is capable of synthesizing adequate cysteine from methionine if the total dietary requirement for sulfur amino acid (SAA) is provided as methionine only. The goal of this study was to gather data on whether glutathione (GSH) synthesis is maximized at a methionine intake previously shown to be adequate for protein synthesis in the PN-fed human neonate. We measured GSH concentration, fractional, and absolute synthesis rate in five PN-fed human neonates. Each neonate underwent two isotope infusion studies of 7 h duration after a 2-d adaptation to the total SAA requirement (methionine only) and again after a further 2-d adaptation to the same methionine intake supplemented with cysteine at 10 mg ⅐ kg Ϫ1 ⅐ d Ϫ1 . Cysteine supplementation did not significantly affect GSH synthesis. These data suggest that term infants are capable of synthesizing cysteine from methionine, not only for protein but also for GSH synthesis. (Pediatr Res 67: 320-324, 2010)
T he suggestion that cysteine might be an indispensable amino acid (AA) in preterm and term neonates was first introduced by Gaull and coworkers (1) , who showed absence of cystathionase activity in the liver of premature fetuses and newborns. This report was later confirmed by the same investigators in subsequent experiments (2, 3) . Other investigators using differing endpoints have come to similar conclusions. Vina et al. (4) , using plasma cysteine concentrations and in vitro erythrocyte [glutathione (GSH)] synthesis, concluded that neonates Յ32-wk gestation had lower plasma cysteine and slower GSH synthesis than neonates Ͼ33-wk gestation. In addition, others have reported low plasma cysteine and high plasma methionine in neonates fed low to cysteine-free parenteral nutrition (PN) (5-7) compared with breast fed neonates. These observations have been used as evidence that cysteine is an indispensable AA for the human neonate.
Conversely, later studies evaluating cystathionase activity, in liver, kidney, adrenals, and pancreas of infants who died before 1 y of age concluded that cystathionase activity in the term and premature infant was considerably greater than previously appreciated; and that if the total sulfur AA (SAA) requirement was adequate, even provided as methionine only, cysteine may not be a concern (8) . The same group (9) and others (10) found that when cysteine was supplemented to cysteine-free PN, there was no improvement in growth and nitrogen balance in the supplemented group with both groups achieving similar to in utero nitrogen retention. However, other reports have concluded that although growth was not affected, nitrogen balance was increased with cysteine supplementation (11) . More recent stable isotope data showed significant transfer of label from D-[U- 13 C]glucose into cysteine derived from (apo) B-100 in preterm infants fed cysteine-free PN (12) . This showed that preterm infants had the ability to synthesis cysteine de novo. More recently, data in enterally fed neonates have provided additional convincing evidence that cysteine is not indispensable even in the very low birth weight, preterm infant (13, 14) . All of these data however, relate to the neonate's ability to synthesize cysteine for protein synthesis and may not extend to cysteine synthesis in amounts adequate for GSH synthesis.
Vina et al. (4) showed that GSH synthesis is slow in the preterm neonate. Zlotkin and Anderson (15) were unable to account for all of the cysteine supplemented to neonates receiving cysteine-free PN and Shew et al. (12) , although able to show cysteine synthesis in preterm neonates, also showed that there was a significant positive relationship between synthesis and neonatal age. These data provide evidence that the pathway may be underdeveloped in the neonate, especially those who are premature. The unanswered question therefore, is whether the minimum synthetic capacity for cysteine observed in the neonate is sufficient to maintain GSH status if SAA is provided as methionine only. This question was partly answered in a recent study showing no difference in GSH synthesis between neonates receiving i.v. glucose or those receiving glucose plus AAs (16) .
The goal of this study, therefore, was to determine whether supplemental cysteine would result in a GSH synthesis rate higher than that observed when the total SAA was provided at requirement (17) but as methionine only in the PN-fed human neonate.
METHODS

Subjects.
Five neonates were enrolled in this study. The following inclusion criteria were used to determine eligibility: lack of chromosomal anomalies, born at Ն34-wk gestation and Յ28-d chronological age at the time of the study, birth weight and length appropriate for gestational age, medically stable as determined by normal blood results and lack of a fever or infection, at least 3 d postoperatively, and on PN providing adequate protein and calories. Exclusion criteria included small for gestational age, presence of disease or on medications known to affect protein and AA metabolism, documented infection, fever, unstable medical condition, and receiving enteral feeding providing Ͼ10% of protein intake.
Ethical approval for the study was obtained from The Research Ethics Board at The Hospital for Sick Children. Permission was obtained from the attending physician before approaching parents, and written informed consent was obtained from at least one parent before enrolling subjects into the study. Study characteristics of the neonates included in the study is presented in Table 1 .
Experimental design. The precursor product model developed by Jahoor et al. (18) was used to determine GSH kinetics in this study. Each neonate was studied over 6 d. The study was divided in two parts. In part 1, subjects received a parenteral AA solution devoid of cysteine, with the total SAA requirements provided as methionine only. In part 2, the solution was similar to that used in part 1 but contained a supplemental cysteine at 10 mg/kg. We did not randomize the subjects to the order of cysteine intake because the length of the study was very short; differences in maturity would be too small to measure over a 6-d period. This protocol also made it easier to ensure that the babies did not receive enteral feeds during the cysteine-free part on the study.
During the first 3 d, neonates received an AA solution (solution 1) patterned after a commercial AA base solution (Primene, Baxter Laboratories, Mississauga, Ontario) ( Table 2) , plus dextrose, and a 20% lipid solution (Intralipid; Fresenius Kabi, Uppsala, Sweden) for provision of adequate protein, and nonprotein energy. Standard amounts of vitamin and minerals were provided in the form of a liquid supplement (Multi-12/K1 , providing a mixture of fat and water-soluble vitamins) formulated for use in i.v. feeding. All vitamins and minerals met these dietary reference intakes (DRI) recommendations. The SAA in this solution was provided as methionine only at the recommended dietary allowance (RDA ϭ 56 mg/kg) as previously determined in our laboratory (17) . On the third day, a primed, continuous 7 h tracer infusion was carried out to measure GSH metabolism.
On d 4 -6, neonates received a similar AA solution as that received on d 1-3 but with supplemental cysteine as cysteine.HCl, providing cysteine at an intake of 10 mg ⅐ kg Ϫ1 ⅐ d Ϫ1 (solution 2) ( Table 2) . Intakes of dextrose, lipid, vitamins, minerals, total calories, and protein were kept the same as on the previous 3 d. On the sixth d, a second primed, continuous 7 h tracer infusion study was conducted to measure GSH kinetics with additional cysteine.
Given the complexity and length of this study, it was very difficult to recruit babies. The chief problem was that of enrolling babies that would be stable postoperatively for 6 d on PN and not advance to significant amounts of enteral feeds (Ͼ10% of protein enterally). Two additional babies that began the study had to be withdrawn because of advancement to large volumes of enteral feeds.
Study diets. The amino profile of the AA solution used in the study (solutions 1 and 2) is presented in Table 2 . The composition was patterned after a commercial AA solution with an AA composition of umbilical cord blood (base AA solution). The AA solutions used were prepared using human pharmacy grade AAs (Ajinomoto Company Inc ., Japan via L.V Lomas, Brampton, Ontario) in our research laboratory, under sterile conditions. The profile of the AA base was followed with some modifications; methionine was varied to provide the requirement estimate derived previously by our laboratory (17) (56 mg ⅐ kg
), cysteine was removed from solution 1 but added to solution 2 at 10 mg ⅐ kg Ϫ1 , tyrosine was provided as the dipeptide glycyl-tyrosine at a level of 4 g/100 g (19) . Arginine was increased from 8.4 2.4 0.6 Diagnoses* *Jejunal atresias, n ϭ 1; gastroschisis, n ϭ 2; malrotation and duodenal web, n ϭ 1; postnecrotizing enterocolitis (NEC) colonic stricture, n ϭ 1. to 9.66 g/100 g based on our piglet studies (20, 21) , and aspartate was decreased from 6.0 to 5.0 g/100 g to accommodate for the increased amount of nitrogen provided by arginine. Alanine was used to balance the nitrogen and make the solutions isonitrogenous. Alanine was prepared as a separate test solution at a concentration of 50 mg ⅐ mL Ϫ1 . All prepared solutions were filter sterilized in the Research Pharmacy at the Hospital for Sick Children by being passed though a 0.22-m filter. Solutions were subsequently demonstrated to be sterile and free of bacterial growth over 7 d in culture and proven to be pyrogen free by the Limulus amebocyte lysate test (22) . The chemical composition of the solutions was verified by AA analysis using HPLC and analysis of total nitrogen.
All subjects were receiving adequate protein and energy (23, 24) . Nonprotein energy was provided as dextrose and a 20% lipid solution. All calculations of nutrient intake for phase 1 of the study (d 1-3) were done using body weight on d 1 of the study, whereas calculation of nutrient intake for phase 2 (d 4 -6) were done using weight on d 4 of the study. Mean body weight of the subjects was not different on d 1 versus d 4.
The actual intake of the subjects differed slightly from the prescription because the volume of solution prescribed is not always that which is delivered in a clinical environment. for a total of 7-h isotope infusion time.
We chose to use an M ϩ 3 glycine tracer as the GSH precursor and determined its incorporation into the GSH molecular ion by LCMS/MS. The reason for our choice has been previously described (25) .
Sample collection. Blood samples were collected on d 3 and 6 at baseline, before the start of the isotope infusion, for analysis of background enrichment. A total of 0.7 mL of blood was collected at each time point; 0.5 mL for measurement of erythrocyte GSH concentration and enrichment and plasma AA concentration, and 0.2 mL for the measurement of erythrocyte intracellular glycine enrichment; which is the precursor pool from which glycine is drawn for GSH synthesis. Having previously established that isotopic steady state was reached in the precursor pool at 5 h, two subsequent blood samples were taken at ϳ5 1 ⁄2 and 6 1 ⁄2 h. Hematocrit was obtained from blood samples collected for clinical monitoring on the same day of the isotope study. Baseline blood work, performed for clinical monitoring, was reviewed on each subject before the start of the study. All subjects had normal sodium, potassium, calcium, phosphorous, and pH.
Erythrocyte GSH concentration and enrichment. All chemicals were purchased from Sigma Chemical Co.-Aldrich Canada Ltd., Oakville, Ontario, Canada. A 0.5-mL aliquot of each blood sample collected in Na 2 EDTA was centrifuged for 2 min within 5 min of collection. After centrifugation, the plasma was immediately removed. Two hundred micro liters of 100 mM N-ethylmaleimide, and 20 L of 5 mM ␥-glutamyl-leucine (internal standard) were added to the separated red blood cells. The sample was then caped, vortex for 2 min, and left for 10 min at room temperature. Cells were then lysed with 50 L 0.4 M ZnSO 4 , and the protein was precipitated with 1 mL ice cold methanol. The sample was then vortexed, centrifuged for 2 min, the supernatant was removed, and stored at Ϫ80°C until analyzed.
GSH concentration and enrichment were analyzed as previously described (25) . Briefly, GSH concentration was measured using an external standard curve and the ratio of the analyte (GSH) to the internal standard (␥-glutamylleucine). GSH enrichment was calculated as a ratio of the (enriched) M ϩ 3 to (unenriched) M peaks of the tripeptide molecule of GSH and was expressed as mole percent excess and was calculated from peak area ratios at isotopic steady state of glycine in the last 2 h of isotope infusion.
Erythrocyte free glycine enrichment. Each sample was collected and centrifuged as earlier. Plasma was quickly removed, and the cells were washed twice with iced cold saline. Samples were vortexed between each wash. Cells were then lysed and deproteinated as earlier, vortexed, centrifuged for 2 min, and the supernatant was stored at Ϫ80°C until analysis.
Fifty microliters of each sample was then dried under nitrogen at 35°C. One hundred microliters of butanol HCl (Sigma Chemical Co.-Aldrich Canada Ltd.) was then added and the sample was vortexed topped with nitrogen and heated for 20 min at 55°C. The sample was again dried under nitrogen and reconstituted in 0.1% formic acid (Sigma Chemical Co.-Aldrich Canada Ltd.). Samples were analyzed using a triple quadruple mass analyzer as previously described (25) . Glycine enrichment was calculated as a ratio of the (enriched) M ϩ 3 to (unenriched) M peaks using peak area ratios at isotopic steady state and expressed as mole percent excess above baseline.
Plasma AA concentration. Plasma total cysteine concentration was determined by LCMS/MS, using a bench top triple quadruple mass spectrometer API 4000 (Applied Biosystems/MDS SCIEX) operated in positive ionization mode with the Turbo Ion Spray ionization probe source (operated at 5.8 KV). This was coupled to an Agilent 1100 HPLC system. Measurements were as previously described (26) .
Fractional and absolute synthesis rate of erythrocyte GSH. The fractional synthesis rate (FSR) of erythrocyte GSH (FSR GSH ) was calculated using the precursor-product method of Jahoor et al. (18) . FSR GSH (%/d) ϭ (E t6.5 Ϫ E t5.5 )/E RBC ϫ (24 ϫ 100)/(t6.5 Ϫ t5.5) (1) where (E t6.5 Ϫ E t5.5 ) was the increase in the isotopic enrichment of erythrocyte GSH between 5 1 ⁄2 and 6 1 ⁄2 h of infusion as a result of the incorporation of the labeled glycine, E RBC was the intracellular glycine enrichment at isotopic steady state, and (t 6.5 Ϫ t 5.5) was the time interval between the 5 1 ⁄2 and 6 1 ⁄2 h when the incorporation of glycine into GSH was measured.
ASR ϭ GSH mass ϫ FSR GSH (2) where GSH mass ϭ the product of the cell volume (or cell number or cell protein) and the concentration of GSH in the cell. Hematocrit was calculated using the formula; HCT (L/L) ϭ (RBC ϫ MCV)/1000.
Statistical analysis. The data were analyzed by repeated measures ANOVA with the PROC GLM procedure to assess the effect of cysteine intake on GSH concentration, FSR, ASR, and cysteine concentration. Independent variables tested were cysteine intake and subject. Because order of cysteine intake was not randomly assigned, order was not included in the model. Statistical significance was established at p Յ 0.05. Data were analyzed by SAS version 9.1 for Windows (SAS Institute Inc., Cary, NC).
RESULTS
Clinical characteristics and nutrient intake.
The clinical characteristics and diagnosis of the five subjects studied are presented in Table 1 . The total nutrient intake was dependent on the total volume of PN infused. The average methionine intake for phases 1 and 2 was 60.3 Ϯ 3.7 and 60.5 Ϯ 2.0 mg ⅐ kg Ϫ1 ⅐ d Ϫ1 , respectively, whereas the cysteine intake in phase 1 was 0 mg ⅐ kg Ϫ1 ⅐ d Ϫ1 by design and 10.3 mg ⅐ kg Ϫ1 ⅐ d Ϫ1 in phase 2. The average energy and protein intake for phase 1 was 84 Ϯ 4.0 kcals/kg and 3.
, respectively, and was not different for phase 2, with energy intake being 86 Ϯ 4.0 kcals ⅐ kg Ϫ1 ⅐ d Ϫ1 and protein being 3.1 Ϯ 0.1 g ⅐ kg Ϫ1 ⅐ d Ϫ1 . AA concentration. Cysteine concentration was numerically higher with cysteine supplementation, 152.5 Ϯ 43.5 (mean Ϯ SD) versus 173.7 Ϯ 53.0 mol/L Ϫ1 , but the difference was not statistically significant. Intracellular glycine enrichment. Isotopic steady state (plateau) in the intracellular glycine pool was achieved for all neonates by 5 h after the start of the isotope infusion and was defined by the absence of a significant slope between the data points at plateau.
GSH kinetics. These are presented in Figure 1 . The additional 10 mg ⅐ kg Ϫ1 ⅐ d Ϫ1 of cysteine had no effect on GSH concentration, fractional, or absolute synthesis rates (ASR). During the isotope infusion study on subject number 5, the baby was very fussy; therefore, during the blood collection at isotopic steady state, the father only permitted a blood sample to be taken at 5.5 h and not a second sample at 6.5 h. Hence the calculation of GSH FSR from the incorporation of tracer at the isotopic steady state of glycine could only be done for four of the five babies. The individual estimates of GSH FSR for those four babies are also shown in Figure 2 . Rather than discard the data from subject 5, we also did a calculation of GSH FSR based on glycine tracer incorporation from baseline to 5.5 h (data not shown). For both estimates, there was not change in GSH FSR with the increase in cysteine intake of 10 mg ⅐ kg
DISCUSSION
This is the first study to our knowledge, conducted in the PN-fed human neonate to determine whether the provision of the total dietary SAA requirement (17) as methionine is also adequate for maintenance of GSH status. The main goal was to directly determine whether supplementation of cysteine to a PN solution providing the total SAA requirement as methionine only would stimulate an increase in GSH synthesis and concentration. Indirectly, the secondary goal was to assess whether the trans-sulfuration pathway was capable of synthesizing adequate cysteine from methionine, thereby providing further clarification as to whether cysteine is an indispensable AA in the PN-fed human neonate.
These results show that cysteine supplementation did not affect GSH concentration. Further, these concentrations are comparable with that obtained in neonates receiving PN (16) and that obtained from venous blood taken from the umbilical cord immediately after delivery in term babies (27) but was slightly lower than that observed in 20-mo-old enterally fed children treated for and recovered from malnutrition (28).
We chose a within subject design as the best approach to show the effect of cysteine supplementation should one occur. Because of the anticipated difficulty in the conduct of such a study, we chose to recruit five infants as a means of obtaining data for a future supplementation trial. Unfortunately, we were unable to measure GSH synthesis at steady state in one of the five subjects. As a result, we measured GSH synthesis in two different ways; in four of the five subjects at steady state and in all 5 subjects as incorporation over 5 1 ⁄2 h. At steady state, the GSH FSR was higher than that measured over the course of the 5 1 ⁄2 h; however, there was no effect of cysteine supplementation on GSH synthesis regardless of method used.
One of the important limitations of this study is the small sample size, thereby limiting the confidence required to draw definitive conclusions. Because of the difficulty inherent in this study design, namely the recruitment of babies for a 6-d study in which blood is drawn at least three times on 2 different days, a future design in which babies are randomized to cysteine supplementation or no supplementation in the presence of the current methionine intake should be more feasible. Nevertheless, a look at the individual data (Fig. 2) shows no sign of any trend toward an increase in GSH FSR with cysteine supplementation at 10 mg ⅐ kg Ϫ1 ⅐ d Ϫ1 . In addition, a recently published report (16) suggested a sample size of Ն3 subjects to be adequate to show a difference in GSH synthesis rates. Therefore, the suggestion is that the four subjects used in this study represent an adequate sample size to show a change in GSH synthesis with cysteine supplementation if one occurred.
These data are supported by previous isotope data, which shows that preterm neonates are capable of cysteine synthesis, as evidenced by incorporation of 13 C label from [ 13 C 6 ] glucose into apo B-100 cysteine (12) and more recent isotope date showing that there is significant trans-sulfuration of methionine in the neonate (29) whether fed enterally or parenterally. The results of this study indicate that not only are neonates capable of cysteine synthesis for adequate growth and nitrogen balance (9,10) but also cysteine synthesis from methionine is adequate for maintenance of GSH synthesis.
Another important consideration is whether at 10 mg ⅐ kg Ϫ1 ⅐ d Ϫ1 the level of cysteine supplementation was adequate to detect a significant change in GSH kinetics if one occurred. This level was chosen because of the concern for acid-base balance in the babies with the form of cysteine being cysteine.HCL. A previous cysteine supplementation study was able to show a statistically significant 25% increase in GSH FSR when cysteine was supplemented at 15 mg ⅐ kg Ϫ1 ⅐ d Ϫ1 in the presence of an adequate methionine intake of 28 -33 mg ⅐ kg Ϫ1 ⅐ day Ϫ1 (30) . In this study, with the total SAA requirement provided at the RDA as methionine (17) , and knowledge that babies are able to synthesize adequate cysteine for proteins synthesis from methionine (9, 31) , and that cysteine is not an essential AA in the neonate (13, 14) , the addition of cysteine as a supplement, therefore, would be used for GSH synthesis if GSH synthesis was inadequate. Consequently, we believed that a supplemental intake of 10 mg ⅐ kg Ϫ1 ⅐ d Ϫ1 was adequate to detect a change in GSH FSR if one occurred.
An important finding in this study was the plasma cysteine concentrations without and with cysteine supplementation were 152.5 Ϯ 43.7 and 173.7 Ϯ 53.0 mol/L, respectively; these were not statistically different. The plasma cysteine concentration, without supplemental cysteine, was similar to that observed in term breast fed babies (32) , which suggests that when the SAA are provided at an adequate intake and as methionine only, PN-fed human neonates are able to synthesize adequate cysteine from methionine for cysteine homeostasis. This is the first study, to our knowledge, in which the definition of the requirement of an AA has been extended to include requirement for GSH status in addition to that required for protein synthesis. These results suggest that the total SAA requirement when provided as methionine only is adequate to meet the needs of the PN-fed human neonate for GSH synthesis and protein synthesis.
Although the PN-fed human neonate appears capable of synthesizing adequate cysteine for GSH synthesis, providing the total SAA as methionine only leads to increased homocysteine concentration (17, 33) in the neonate. Therefore, consideration should be given to providing the total SAA as a balance between methionine and cysteine, particularly because methionine has been implicated in PN-associated cholestasis (34) .
